[1] High frequency (2 -20 days) sea level fluctuations, driven by atmospheric pressure changes, must be eliminated from TOPEX/POSEIDON altimeter data, else these data sampled at 10-day interval will suffer aliasing when interpreted as lower frequency variability of the subsurface pressure and circulation. A simple analytic Helmholtz-like model [Lyu et al., 2002] , which explains successfully the nonisostatic sea level response in the Japan/East Sea (JES), is applied to correct the high-frequency sea level fluctuation effects on the T/P data. The model removes these pressuredriven fluctuations better than the standard inverse barometer (IB) method, leaving residuals smaller by about 10% in the corrected mean sea level (MSL) data used in this study. Because the maximum difference between the model correction and the IB correction can reach 10 cm, the impact of the correction choice is substantial. Moreover, uncorrected or IB corrected T/P along-track data contain substantial high frequency variability which can lead to 'trackiness' errors between crossing and neighboring tracks, contaminating their use for synoptic mapping. The model correction reduced the trackiness significantly better than the usual IB correction.
Introduction
[2] Several studies have investigated sea surface height (SSH) in the Japan/East Sea (JES) using TOPEX/POSEIDON (T/P) altimeter data with a standard isostatic correction (commonly called an ''inverse barometer'' IB correction) [Morimoto et al., 2000b; Hirose et al., 1999] . However in a semi-enclosed sea, sea level response to atmospheric pressure is nonisostatic at high frequencies due to the limit imposed by the strait on volume exchange [Candela et al., 1989; Garrett and Majaess, 1984] . Le Traon and Gauzelin [1997] provided for the Mediterranean Sea an improved nonisostatic correction of the T/P altimeter data using the Candela model [Candela, 1991] . The sea level response to atmospheric pressure forcing and wind forcing in the Black Sea was studied using a similar analytic model, called an ''extended Candela model'' [Ducet et al., 1999] .
[3] The JES has mean depth of 1700 m ( Figure 1 ) and is directly connected to the Pacific through three narrow and relatively shallow straits (the Korea, Tsugaru, and Soya Straits). Lyu et al. [2002] produced a simple analytic model to explain nonisostatic sea level response to atmospheric pressure caused by the Helmholtz-like resonance and showed that high-frequency sea level fluctuations in the JES can be reproduced to a large degree by this model (hereafter Lyu model). In this study we will use the Lyu model to examine high-frequency (2 -20 days time scale) fluctuations of mean sea level (MSL), i.e., spatially averaged sea level in the JES, which are caused by atmospheric pressure forcing, and provide an improved correction for their effects on the T/P altimeter data.
Data and Processing
[4] The NCEP/NCAR Reanalysis atmospheric pressure data (p a ) were obtained from the NOAA-CIRES Climate Diagnostic Center for the period from 1998 to 2002. The data interval is 6 hours and the grid size (Figure 1 ) is 2.5 by 2.5 degrees. In this study we used the sea surface height anomalies (SSHA) from cycle 180 to 375 in the T/P Merged Geophysical Data Records -Generation B (MGDR-B) [Chelton, 1988] where the water depth exceeds 1000 m in the JES. Each cycle has 11 tracks in the region as shown in Figure 1 , and the track-separation distance is about 260 km.
[5] Range corrections for electromagnetic bias, ionosphere, dry and wet troposphere, and other corrections for solid earth tide and loading tide were applied by the standard methods using the values provided in the MGDR-B as in Le Traon and Gauzelin [1997] and Ducet et al. [1999] . Although the ocean tides are only a few centimeters in magnitude in the deep region of the JES, it is difficult to remove them correctly from altimeter data with use of a global tide model, e.g., CSR3.0 or FES95. So we eliminated the tidal signals from the data with use of the aliased harmonic constants (for major 4 constituents, M2, S2, K1, and O1) derived from T/P data in the JES, as in Morimoto et al. [2000a] . To investigate high-frequency MSL fluctuations from the T/P track data, sea levels on all the T/P tracks in the region were re-sampled every 6 hours using an exponential smoothing window with an e-folding time of one day within ±2 days as in Le Traon and Gauzelin [1997] . Here we assumed that the T/P MSL derived from this method represents the real MSL in the JES, since surface gravity waves take only a few hours to cross the JES, and barotropic fluctuations in the JES can be regarded as uniform at subinertial frequencies [Lyu et al., 2002] .
[6] Bottom pressure (BP) records measured every hour at 23 sites in the Ulleung Basin from 1999 to 2001, were also used in this study (Figure 1) . From spatially averaged BP we calculate MSL in the Ulleung Basin by subtracting atmospheric pressure assuming the hydrostatic approximation. Park and Watts [2003] demonstrated almost perfectly uniform BP at separations up to 250 km for all periods longer than 1.6 days, and argued that despite the BP measurements only covering the Ulleung Basin, the BP MSL could be used as a proxy for MSL throughout the JES at periods longer than 2 days, due to rapid adjustment of sea level disturbances. Hourly measured tide gauge (TG) data from 1998 to 2002 at sites inside the JES ( Figure 1 ) were spatially averaged and used in this study. All these hourly data were de-tided by harmonic analysis with four major constituents and low-pass filtered with a cut-off period of 1.5 days. To extract the high-frequency band, a 2 -20 day period band-pass filter was then applied.
[7] Band-passed time series of the TG MSL, T/P MSL, and BP MSL, were compared in the time and frequency domains (Figures 2a and 3) . Figure 3 shows that the TG MSL has high coherence and near zero phase with T/P MSL only for fluctuations with periods longer than 4 days, due to scanty T/P time sampling, while TG MSL and BP MSL are highly coherent throughout the 2 -20 day period band. For this reason, although each pass of the T/P data is improved by the Lyu model (shown below), the 2 -4 day band of T/P MSL underrepresents the true variability, which renders the T/P MSL time series record less capable to illustrate the positive impact of the Lyu model compared to the IB correction. Indeed, the resonance period of about 3 days in the JES is shorter than that in the Mediterranean Sea, where T/P MSL (obtained by the same method as in this study) was useful for verifying impact of the Candela model [Le Traon and Gauzelin, 1997] . Hence, the TG and BP MSL were combined for this demonstration.
[8] In fact, the TG data (averaged over 21 sites) are good representatives of the MSL despite local coastal effects (i.e., wind set-up and set-down, wave propagation, etc.) or errors due to unevenly distributed TG stations (no data were available along the Russian coast, Figure 1 ). BP and TG MSLs in the JES are highly coherent with near-zero phase difference at all frequencies in the 2 -20 day period band (Figure 3 ). As noted above, the observed high horizontal coherence among records indicates that both groups of TG and BP records are well suited to estimate MSL throughout the basin.
Results
[9] The standard IB correction [Ponte et al., 1991] for MSL of the JES is given by
}, where h p a i and h p a i g are the spatially averaged atmospheric pressure over the JES and the global ocean, respectively. Since the temporal variability of h p a i outside of the tropics in general and within the JES in particular is one order of magnitude larger than that of h p a i g , Figure 1 . Tide gauge (TG) stations inside the JES (solid circles), points for the subsurface pressures in the Ulleung Basin (triangles) and atmospheric pressure grids (crosses). Gray lines denote the T/P tracks, where t1 and t2 are two selected tracks and noted for Figure 4 . (0.54 mb rms) [Wunsch and Stammer, 1997] , h p a i g has been assumed constant for our purposes. Thus, the time-variant part of the standard IB correction À 1 rg h p a IB i, has been simplified as À
where [] denotes temporal average. Since the JES is a semienclosed basin, the MSL response is constrained by three straits with finite size and responds in a frequency-dependent manner [Lyu et al., 2002] . At low frequencies, there is enough time for water to flow in and out through the straits responding isostatically to h p 0 a i. But at high frequencies, the MSL cannot fully adjust to the atmospheric pressure forcing. The Lyu model calculates this frequency-dependent response of the MSL (hh a i) to h p 0 a i. Moreover, the local sea level response to atmospheric pressure could be calculated at each position along the T/P tracks by adding a local IB correction of local atmospheric pressure anomaly (À 
where the symbols are defined in Table 1 . Here, the angle brackets (hi) represent the spatial average over the JES.
[10] Time series are shown in Figure 2 of the TG MSL, T/P MSL and BP MSL with (a) no correction, (b) the mean IB correction (À 1 rg h p 0 a i), and (c) the Lyu model correction (hh a i), together with (d) the difference between the two corrections during a 60-day period in winter. Using the IB correction, the energy in the high frequency MSL fluctuation decreases slightly, compared to the observed MSLs (Figures 2a and 2b) . However, Figure 2c demonstrates that more energy in the fluctuations was eliminated with the Lyu model correction, compared to the mean IB correction. The difference between the two corrections, which is spatially uniform and varies only in time, ranges from À5 to +5 cm (Figure 2d ) and the maximum reaches 10 cm within the entire 4 years. That residual IB error is a large fraction of the entire T/P signals in the region.
[11] The impact of the Lyu model correction is shown by comparing variances of the observed, IB and model corrected MSLs. Table 2 lists the variances of the TG MSL, the BP MSL, and the T/P MSL with and without either of the two corrections, and their differences. The result indicates that the model correction for nonisostatic response to atmospheric pressure reduces 2 -20 day TG MSL fluctuation variance by 52% (from 19.0 to 9.2 cm 2 ). The IB correction reduces this variance by less (about 42%, from 19.0 to 11.1 cm 2 ). The model explains more variance in the MSL fluctuations in response to atmospheric pressure than the IB correction, in spite of similar variances of the two corrections and a somewhat larger variance of IB correction (14.2 cm 2 for the IB correction and 13.2 cm 2 for the Lyu model correction), because the two corrections exhibit important phase differences at high frequencies. The BP MSL shows a 55% reduction in variance by applying the Lyu model corrections to the observed MSL, which is similarly greater than the 48% reduction for the IB correction. Similarly the Lyu model achieves approximately 10% greater reduction in variance from the T/P MSL, even though T/P has scanty time sampling. As the two (IB and model) corrections have an rms difference of 2 -3 cm (7.7 cm 2 in variance) with maximum differences of up to 10 cm, the impact of the correction choice on the twodimensional mapping of SSHA can be substantial. Table 2 also compares the total variance for the T/P track data, to which no spatial averaging and no time filtering have been applied. Equation (1) was used to estimate local sea level response with the model correction. The reduction in variance of the T/P track data provides further evidence that the model improves the T/P data correction (residual 133.6 cm 2 for the IB correction and 123.5 cm 2 for the model correction). [12] Figures 4a, 4b, and 4c illustrate distinctions between satellite passes during a 10-day cycle of T/P SSHA (colored dots) along the tracks during the period shaded in Figure 2 (labeled M), with and without various corrections. Equation (1) is used to generate the model-corrected sea levels at all the points on the T/P tracks. With no correction ( Figure 4a , the SSHA along crossing tracks often disagree (see strings of low SSHA (blue dots) crossing strings of high SSHA (red dots)), such that a two-dimensional mapping would exhibit large 'trackiness' [Stammer et al., 2000] . Such trackiness is significantly diminished by the model correction (Figure 4c ), which works better than the IB correction (Figure 4b ). For example, the average sea levels along two tracks (labeled t1 and t2, their pass times differ by about 128 hours) within 30 km distance (approximately the baroclinic Rossby radius of deformation here) from the crossover point (labeled c), have mean differences of 15.3, 9.7, and 6.2 cm in (a), (b), and (c) respectively (Figure 4d ). The best reduction was obtained by applying the Lyu model.
Conclusion and Discussions
[13] This study demonstrates that the simple analytical model of the JES [Lyu et al., 2002] provides an improved correction of high-frequency sea level fluctuation effects on satellite altimeter data, compared to the standard IB correction, accounting for a phase delay at high frequencies due to a Helmholtz-like resonance. MSL variance in the 2 -20 day band is explained better, although it has energy similar to (slightly smaller than) the IB correction. Moreover, this high-frequency nonisostatic response of the JES to atmospheric pressure causes trackiness errors between crossing and neighboring tracks, when the T/P along-track data are mapped in two dimensions. The model correction reduces the trackiness significantly better than the standard IB correction.
[14] However, the Lyu model can be improved because it only considers spatially uniform mean barotropic variations and has a crude representation of strait and basin geometry for the JES. There are some 10-day cycles for which the model correction does no better than the IB correction, even though during most of the time the model explains a larger part of total variance than the IB correction. 
